Summary. We isolated two 21 -amino acid forms of ghrelin from the stomach of the Japanese eel, Anguilla japonica. cDNA and mass spectrometric analyses revealed the following sequences: eel ghrelin-21, GSS(O-n-octanoyl)FLSPSQRPQGKDKKPPRV-amide and eel ghrelin-21 -C1 0, GSS(O-n-decanoyl)FLSPSQRPQGKDKKPPRV-amide. Eel ghrelin mRNA was observed only in the stomach by Northern blot analysis. Low levels of gene expression were observed in anterior and middle-intestines by RT-PCR analysis. Plasma GH levels increased following intravenous injection of eel ghrelin into rats. The effect was more potent than that of rat ghrelin. Eel ghrelin potently stimulated GH secretion in cultured tilapia pituitary. These results indicate that a novel regulatory mechanism of GH secretion by ghrelin is conserved from fish to human.
INTRODUCTION
In mammals, the secretion of growth hormone (GH) is stimulated primarily by GH-releasing hormone (GHRH) released from the hypothalamus.' In fish, on the other hand, various hypothalamic peptides such as GHRH, gonadotropin-releasing hormone (GnRH), thyrotropin-releasing hormone (TRH), neuropeptide Y, cholecystokinin, pituitary adenylate activating polypeptide (PACAP) and corticotropin-releasing hormone (CRH) have been found to be involved in GH release in different teleost species. 2,3) However, species differences have been found in the effects of these GH stimulators.
We recently identified an endogenous ligand for the orphan G-protein-coupled GH secretagogue (GHS) receptor (GHS-R).4) This novel molecule, a 28 amino acid peptide named "ghrelin", possesses a unique serine residue at the N-terminal position 3 (Ser) with an n-octanoic acid modification. This acylation is essential for the biological activity of the peptide. Ghrelin exhibits potent GH-releasing activity in the rat in vivo and in vitro , but little is known about i ts presence in fish. In the pufferfish, three GHS-R families have been identified , one of which is activated by GHSs .5) A recent study demonstrated that KP-102, a GHS , stimulates GH secretion in the tilapia i n vivo.6) These results suggest that GHS-R is widely expressed and that ghrelin-like molecules may mediate GH secretion in fish species . In the present study, we identified ghrelin in the stomach of a primitive teleost, the Japanese eel, Anguilla japonica. Eel ghrelin possesses an amide structure not yet seen in mammalian ghrelins and possessed potent GH-releasing activity in the rat in vivo and the tilapia in vitro. Effects of eel ghrelin on the secretion of GH in the rat in vivo and in the tilapia in vitro
MATERIALS AND METHODS

Purification
Rat: Male Sprague-Dawley rats, weighing 300-400 g, were cannulated in the femoral artery and vein under pentobarbital sodium anesthesia. After sampling untreated blood, 20 ng/g of either synthetic eel ghrelin or rat ghrelin was injected into the femoral vein. Blood was collected 5, 10, 15, 20, 30 and 60 min after injection. Plasma GH concentration was measured using a BIOTRACK rat GH enzyme-immunoassay kit. Tilapia: Mozambique tilapias, Oreochromis mossambicus, weighing 20-70 g, were used. Whole pituitaries from a mixed sex population were removed and pre-incubated in a 96-well plate for 24 hr in 100 RI bicarbonate-Ringer solution (330 mOsm) with essential additives as previously described,7) supplemented with 0.025 mg/ml gentamycin. The pre-incubation medium was removed, and fresh To determine the complete sequence, we isolated cDNA encoding the precursor protein from an eel stomach cDNA library. The isolated full-length eel cDNA was 503-bp long, containing a 336-bp coding region. The deduced amino acid sequence of the coding region indicated that the eel ghrelin precursor is 111-amino acids long. The unidentified third amino acid was determined to be Ser, as predicted by the amino acid analysis. A typical dibasic processing sequence, Arg-Arg, flanks the mature ghrelin from the precursor protein. The mature ghrelin followed a Val-glycine (Gly) sequence. As the Gly residue followed by the paired basic amino acid contributes an amide structure, eel ghrelin is likely to be terminated with Val-amide (Fig. 1) . Northern blot analysis revealed a strong signal derived from ghrelin mRNA (approx. 0.5-kb) only in the stomach. RT PCR analysis revealed low levels of gene expression in the anterior and middle-intestine. Fig, 2 . Time-course of changes in plasma GH concentrations after intravenous injection of eel and rat ghrelins into rats.
Eel ghrelin-21 increased the intracellular calcium concentration in CHO-GHSR62 cells with comparable potency to rat ghrelin, a full agonist for the receptor. After intravenous injection of eel ghrelin-21 into rats, plasma GH concentration increased significantly , to a level 4-fold greater than that achieved after injection of rat ghrelin (Fig. 2) . In the tilapia pituitary, all tested doses of eel ghrelin-21 significantly stimulated GH release after 2-hr of incubation, an effect that persisted for 24 hr (Fig . 3) . 0.1 nM eel ghrelin was the most effective concentration for stimulating GH release . Eel ghrelin shares 46-48% identity with mammalian ghrelins. Bullfrog ghrelin, however, shares only 21-31% identity with those ghrelins.10) It is noteworthy that eel ghrelin is more similar to mammalian ghrelins than the frog homologue, even though eel is more evolutionarily distant. Plasma GH levels increased after intravenous injection of eel ghrelin into rats. We have recently observed that frog ghrelin does not cause any change in plasma GH levels in rats.10) Also, the bullfrog ghrelin-induced increase in calcium influx was only 1/20 of that achieved using cognate rat ghrelin. These differences in activity may be due to species-specific binding of ghrelin to the receptor; bullfrog ghrelin contains Leu and Thr at positions 2 and 3, compared to Ser2-Ser3 in mammalian and eel ghrelins. Eel ghrelin showed the same potency as rat ghrelin in CHO-GHSR62 cells, suggesting that the structure of the ligand-binding site may be similar between the two species. The Gly-Ser-Ser-(n-octanoyl)-Phe-Leu segment at the N terminus represents the "active core" of the peptide and, together with the specific acylation of the third amino acid, is required for agonist binding and potency at the GHS-R.11,12)
Eel ghrelin possesses a unique amide structure at the C terminus. The amide form of ghrelin has not been found in other species examined. However, it is likely that the amidation is not necessary for GH-releasing activity y in fish, because rat ghrelin can stimulate GH secretion in the tilapia in vitro (Riley L. GG et al., unpublished observation). The increase in plasma GH levels after injection of eel ghrelin was greater than that following rat ghrelin administration. This differs from the result in CHO-GHSR62 cells, in which potency was identical between the two ghrelin species. This difference may be related to inhibition of peptide degradation by the amide structure in vivo.t
The detailed mechanism of peptide degradation for ghrelin, however,
has not yet been elucidated.
We evaluated the effect of eel ghrelin on GH release in fish by an assay using cultured tilapia pituitaries, a heterologous assay system. This assay system has demonstrated the effect of GHSs on GH release6), and is a useful tool for examining the GH-releasing activity of ghrelin in fish. This assay revealed the ability of eel ghrelin to induce GH release at a very low dose (0.1 nM), indicating that this regulatory activity is also conserved in fish.
Stimulation of GH secretion is controlled by various hypothalamic neuropeptides in fish.2,3) Ghrelin is synthesized in the brain of rats. The few ghrelin-producing cells are located in a specific hypothalamic region, the hypothalamic arcuate nucleus 4) and participate in the regulation of GH secretion from the pituitary. 14) The presence of hypothalamic ghrelin in the eel has not been confirmed, and should be investigated further. Ghrelin in the eel is synthesized predominantly in the stomach. However, it may still play a critical role in regulating GH release, as it does in the rat. Intravenously injected ghrelin induces GH secretion in the rat. Similarly, a bolus of intraperitoneally injected GHS increases plasma GH levels in the tilapia.6) These results suggest that ghrelin, secreted from the stomach, may directly regulate GH secretion from the pituitary. The proposed regulation of GH secretion independent from hypothalamic hormonal control would be a novel mechanism in fish 4,10)
